Abstract: Construction of spherical vessel in various dimensions is known as one of the frequent problems for construction and production engineers, since conventional methods of shell construction require mold and press which leads to higher costs of production. Therefore, current work has tried to investigate a new method based on explosive forming without using molds. In this technique, final shape of the shell can be achieved by explosion inside a prefabricated structure called four cones. This structure is produced from combination and welding of four truncated cones two of which are paired in each side. Initial shape of the tank is then used to transform this structure into a more complete sphere using explosives at its center. This paper aims to study the amount of explosives needed for this process in terms of vessel's diameter and thickness. In this regard, simulation was run by LS-DYNA software and the resultant outputs were evaluated with those of experimental tests.The results shows that the required charge of forming varies exponentially with thickness.
Introduction
Construction of spherical tanks by explosion is a new method adopted recently. It works based on explosion of explosive material inside a semi-spherical structure in order to transform it into a complete sphere. Some truncated cones are produced by rolling machine and then welded together to yield the so-called four cones vessel structure. Afterwards, the two upper and lower parts are covered using a plane round plate with a hole at its center. Inside of the tank is filled with water in order to intensify explosive shock. Explosive is then placed at the center of this prefabricated structure through the hole devised, and the structure is changed into a complete sphere by explosion inside it. Discovering the amount of explosive charge required for transformation of this four cones structure into intact sphere reduces trial and error experiments and thus will lead to higher dimensional accuracy in addition to spending less money and time. As mentioned before, this paper aims to find the exact amount of explosive charge in terms of TNT for this forming process. Zhang et al. [1] were the first team who discussed four cones vessel structure and its transformation to sphere. They concluded that it is possible to transform the socalled four cones vessel structure into a complete sphere by explosion. Following formula was put forward by them for calculating the required explosive charge of forming:
where C is a constant value which depends on material of the shell, type of the explosive charge and fluid inside the vessel; D denotes diameter of the vessel; and represents thickness of the shell. As evident in the formula, the required amount of charge increases linearly with thickness. This theory will be further discussed at the end of this paper in order to demonstrate that the amount of explosive charge required to form the prefabricated structure will change exponentially with thickness.
Materials and experiments

Materials
Explosives
High explosive materials are used for making plastic deformation in the shells. TNT is one of the most common explosives, which has also been used in this research. Electric capsules of Detonator with aluminum shielding were used in this research which is equivalent to 1.8 gr of TNT. Meanwhile, a metal rod was utilized to keep the charge at center of the vessel. Detonator and charge are attached to one end of the rod, while the other end has a curvature to fix the rod inside the bushing hole. General properties of TNT have been provided in Section 3.2.
Shell
The shell under study was carbon steel of SA-516 Gr.70, which has numerous applications in construction of pressure Tables 1 and 2 , respectively based on ASME Section II [2, 3] . In the abovementioned Tables, ρ, σ , K and stand for density, yield strength, coefficient of work hardening and exponent of work hardening, respectively. Furthermore, since the rate of strain is significantly high due to explosive loading, modeling benefits from "JohnsonCook" (JC) model on the shell element. Coefficients of Johnson-Cook equation [4, 12] have been listed in Table 3 for SA-516 Gr.70. Johnson-Cook equation is represented below [5] :
where and are total strain and plastic strain, respectively and T * M is given by this equation: 
Preparation of samples
Vessels with initial diameters of 100, 200 and 300 mm were used in this study and for each diameter they were produced with four different shell thicknesses of 0.5, 0.75, 2 and 4 mm. The model vessels were comprised of six parts which were symmetrically paired in both sides. These six parts involved 4 truncated cones and two discs (2 truncated cones and 1 disc at each side). General shape of the model was like a decagon with an angle facing of 36°to each side. Expanded models were used to produce truncated cones with a special "donut" design.
Having cut the donuts according to their cutting plan, they were rolled by metal sheet roller to give the shape of a truncated cone. The obtained cones were welded according to the patterns in Figure 3 to yield the final shape of four cones structure. A 10 mm diameter hole was devised on the center of flat plate of vessels to make entrance of water and explosive materials possible. A Bushing was welded to the hole in order to keep the charge fixed at center of the vessel. Final design of the model with its components before and after rolling has been illustrated by Figure 3 . Moreover, dimensions and sizes of the expanded models for large and small cones have been listed in Table 3 .
Method of experiment
The vessels were first filled with water through the hole devised on its center. Then explosive materials were put inside each vessel in addition to the rod (as mentioned before) such that the detonator was placed exactly at the center of the vessel. Since the vessels were filled with water and metal pieces were unlikely to be shot by the explosion, the experiments were implemented in open area. Even if the vessel was damaged or ruptured, eruption of water would have prevented metal pieces from being shot dangerously.
Numerical analysis
Simulation
LS-SYNA software was utilized for simulation of this problem, with the following four parts being used for modeling:
• explosive, • fluid medium (water), • metal shell, • air. Taking into account the symmetric nature of the problem, the geometry was modeled for 1/8 of the spherical volume in order to decrease time of problem solving. Three elements of air, water and explosive material adopted Euler mechanics with the ability to move inside mesh, while shell element followed Lagrange mechanics. That is why current analysis has combined Euler and Lagrange equations. The proposed model has been depicted in Figure 7 for being analyzed in LS-DYNA software.
Explosive
HIGH-EXPLOSIVE-BURN element has been used in LS-
DYNA software for modeling TNT with the following characteristics: In the Table 5 , ρ is density of the explosive material, while D C J and P C J denote maximum velocity and maximum pressure of the wave produced from ideal explosion of TNT according to "Chapman-Jouguet" (CJ) theory. 
Equations of state
Equations of state are used to address the correlation between thermodynamic variables as well as hydraulic behaviors of materials.
JWL equation (Jones-Wilkins-Lee)
It models the pressure generated due to explosion and expansion which can be written as follows:
where C 1 , C 2 , 1 , 2 and w represent constants of the equation. P is the pressure generated as a result of the explosion (MPa), while and E are relative volume ( / 0 is the ratio between expanding volume to initial volume) and energy of explosive material per unit volume, respectively. Parameters of JWL equation for TNT have been summarized in Table [6] . 
Mie-Gruneisen equation
It is an equation of state used to describe behaviors of the steel and water and it is stated as below [7] :
where ρ 0 denotes initial density of material and E gives internal energy, while C 0 , S and Γ 0 are constants of the equation with η being defined as η = 1 − ρ 0 /ρ. The values of these parameters have been provided for the steel and water in Table 7 [8].
Results and discussion
Taking into account various states of diameter and thickness which can lead to different amounts of explosive charge, a sample vessel has been examined in this section. Diameter and thickness of the vessel were chosen 300 mm and 0.75 mm, respectively. The required content of charge for a complete forming process was calculated as W = 2.1 gr for TNT. Figures 12 to 14 give the comparison of the minimum weight of TNT for the four cones vessel structures at Following issues can be inferred from diagrams above:
• For vessels with 100 mm diameter, no reliable and useful experimental data can be extracted from these samples due to demolition and destruction of them.
• The amount of charge measured from experiments was somewhat greater than that of calculated from simulation. This can be attributed to the hole devised on the vessel as it causes the actual pressure inside the vessel become lower than the simulated pressure due to eruption of some water to the outside. • Neither the theoretical nor the simulated samples unveiled a linear relation between different amounts of explosive charge and shell thickness.
• Thus, Equation (1) seems to be insufficient for explaining the required charge of explosive forming. It is thus suggested to consider C as a function of diameter and thickness rather than a constant value.
• The approximation of W = (2) seems to perform much better, in which and are functions of diameter.
Figures 15 to 17 illustrate linear and exponential approximations for estimation of TNT charge versus thickness value for different diameters. As can be seen, variations of TNT charge versus thickness are much closer to an exponential approximation.
The required amount of charge to accomplish formation process has been demonstrated both experimentally and theoretically in addition to linear and exponential approximations for each case. It can be clearly observed that the exponential approximation with greater regulation factor is much closer to the results from simulation and experimental work. Table 8 lists values of and for Equation (2) as well as R 2 -values for each diameter examined. Table 8 . Values of and parameters in Equation (2) with their relevant R 2 values. 
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Conclusion
This research was focused on studying the amount of explosive charge required to form spherical vessel from prefabricated four cones structures. For this purpose, experimental tests were combined with simulations of LS-DYNA software. Consistent results were produced from simulation and experiments. The obtained results indicated that the required charge of forming varies exponentially with thickness value. Thereby, it is shown that the theory proposed by Zhang and his coworkers [1] does not prescribe the amount of required explosive charge of forming accurately, since they had assigned a linear trend for variations of the charge content.
